A molecular dynamics simulation of the photodissociation of carbon monoxide from the Q! subunit of hemoglobin is described. To initiate photodissociation, trajectories of the liganded molecule were interrupted, the iron-carbon monoxide bond was broken, and the parameters of the ironnitrogen bonds were simultaneously altered to produce a deoxyheme conformation. Heme potential functions were used that reproduce the energies and forces for the iron out-ofplane motion obtained from quantum mechanical calculations. The effect of the protein on the rate and extent of the displacement of the .iron from the porphyrin plane was assessed by comparing the results with those obtained for an isolated complex of heme with imidazole and carbon monoxide. The halftime for the displacement of the iron from the porphyrin plane was found to be 50-150 fs for both the protein and the isolated complex. These results support the interpretation of optical absorption studies using 250.fs laser pulses that the iron is displaced from the porphyrin plane within 350 fs in both hemoglobin and a free heme complex in solution.
Upon dissociation of 02 or CO from Hb conformational changes of the heme are believed to initiate a sequence of conformational changes in the surrounding protein that are responsible for cooperativity (l-3). The principal heme conformational change is a displacement of the iron from the porphyrin plane toward the proximal histidine, which alters the stereochemical relation between the heme and the protein (Fig. 1) . The resulting protein tertiary conformational change destabilizes the intersubunit bonding, causing a transition from the R quaternary structure to the T quaternary structure. A major objective of recent transient spectroscopic studies has been to measure the rates at which these structural changes occur following photodissociation of the ligand (4-8). As an aid to interpreting the results of these experiments we have begun a theoretical investigation of the kinetics of structural changes using the technique of molecular dynamics (9, 10). Here we report the results of our initial studies that focus on the influence of the protein on the rate and extent of displacement of the iron.
The most readily interpretable results have been obtained in experiments on the photodissociation of the CO complex. Photodissociation with 250-fs pulses showed that a species with a deoxy-like optical spectrum appears with a time constant of 350 fs and that no spectral change in the photoproduct occurs for 100 ps (7). The spectrum of the photoproduct was assigned to that of a high-spin ferrous heme, suggesting that the iron had been displaced from the porphyrin plane within 350 fs (7). In optical studies with 8-ps pulses the deoxy photoproduct appeared within the pulse width, consistent with the femtosecond studies, and no spectral change was observed for 1.2 ns (11, 12) . In a resonance Raman study
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S .C. 91734 solely to indicate this fact. using 30-ps pulses to both photodissociate and measure the spectrum, the immediate photoproduct was found to have core size marker frequencies 2-4 cm-l lower than those of deoxy-Hb but identical to a six-coordinate, ferrous high-spin model compound in which the iron is coplanar with the porphyrin (4,5). These frequencies were unchanged at 20 ns but by 300 ns were the same as in deoxy-Hb (13). The interpretation of these results was that photodissociation produces a ferrous high-spin iron within 30 ps but that the iron does not reach the out-of-plane distance found in deoxy-Hb until 20-300 ns (4,513). It was assumed that relaxation of the iron to its position in deoxy-Hb would be coupled to a tertiary conformational change of the protein and could correspond to the structural change observed by optical absorption at 50 ns (8). Because of the 1.4 cm-' experimental uncertainty in the measurement of frequency differences it could not be determined whether the iron was still in the porphyrin plane at 30 ps or had moved to an intermediate position between HbCO and deoxy-Hb (5). Other investigators have argued that a coplanar iron at 10 ns is inconsistent with the observation of an increased iron-histidine stretching frequency at 10 ns, since this frequency would be lowered by nonbonded interactions between the imidazole and porphyrin (6).
In the present molecular dynamics study we simulate the photodissociation process by interrupting a trajectory of the liganded complex and changing the potential function for the iron-carbon bond to one in which there is no attractive interaction; the parameters of the iron-nitrogen bonding are simultaneously changed to produce a deoxyheme conformation with the iron displaced 0.55 A from the porphyrin plane in the absence of the protein. To assess the effect of the protein, the simulation was performed on a complete cy subunit and compared with the results of a calculation on the isolated heme complex consisting of iron bonded to protoporphyrin IX, imidazole and CO. Because the results are critically dependent on the choice of the parameters involving the iron bonding, two sets of parameters were employed. These sets reproduce the energies and forces for the iron out-of-plane displacement that bracket values obtained from quantum mechanical, calculations. We first describe the potential functions and selection of parameters and then present the results of the molecular dynamics simulations.
Heme and Protein Potential Function
The potential function used in the calculations, described in detail elsewhere (14), is:
s . (14). The distance-dependent parts of both the nonbonded and hydrogen bond potentials were smoothly decreased from the full values given in Eq. 1 for all atoms separated by 6.5 A to a value of zero at 7.5 A by applying a switching function (15). The parameters used in the calculations for the protein part of the molecule were identical to those given in a recent study of bovine pancreatic trypsin inhibitor (14, 16), except that the values of r. for the nonbonded interactions used in the dynamics were not reduced from those used in the energy minimization. The functional form of the potential used for the heme was the same as that used for the protein with one exception. The nonbonded interactions between C,r and Ca2 of the bound histidine ( Fig. 1 ) and the pyrrole nitrogens were explicitly included because of their importance in determining the stereochemistry of the iron coordination sphere in heme complexes, despite the fact that these atom pairs are separated by only 3 bonds. For bonds, bond angles, and torsion angles not including the iron, the force constants were the same as those used for the relevant amino acids, and the reference values, b. and Oo, were taken from the x-ray structures of model heme complexes. The major uncertainty in the heme potential for the purposes of our calculations is the description of the bonding between the iron and the pyrrole and imidazole nitrogens. Our approach was to employ parameters that satisfied two criteria. First, after energy minimization of the isolated heme complexes, the parameters produced an iron out-of-plane displacement close to that found in Hb x-ray structures; second, the energy difference between the iron in its in-plane and out-of-plane conformations and the force displacing the iron from the plane were comparable to those obtained from published quantum mechanical calculations.
Three types of quantum mechanical calculations have been performed. Iterative extended Huckel theory was used to calculate an energy difference of 2.5 kcal/mol between the in-plane and out-of-plane positions of the five-coordinate, high-spin ferrous ion (17). In these calculations the minimum energy occurred for displacement of the iron by only 0.2 A from the porphyrin plane compared to the x-ray value of 0.4-0.6 A (see below). Assuming a quadratic poten-
FIG.
1. Structure of heme complexes in Hb with and without CO. The methyl, vinyl, and propionate substituents of the porphyrin are not shown. The structures were obtained by energy minimization using the parameters in Table 1 . Notice that the removal of CO results in displacement of the iron from the heme plane toward the imidazole of the proximal histidine and a small doming of the porphin ring.
tial along the heme normal, the force constant for the out-ofplane motion is 125 kcal/mol*A*, and the displacement force on the coplanar iron is 25 kcal/mol*A. A combination of empirical potential functions and semi-empirical quantum mechanical calculations was used to compute a heme-histidine potential surface for high-spin iron in which the energy difference between the in-plane and out-of-plane conformations was 3.0 kcal/mol, the displacement of the iron at the energy minimum was 0.55 A, and the displacement force on the coplanar iron was about 15 kcal/mol*A (18). Finally, generalized valence bond calculations were performed on a simplified system consisting of iron, 4 NH2 groups to represent the porphyrin, and NH3 to represent the imidazole axial ligand (19). These calculations yielded an energy difference between the in-plane and out-of-plane conformations of 5.0 kcal/mol, a minimum energy displacement of 0.28 A, a force constant for the iron out-of-plane motion of about 115 kcal/ mol*A*, and a displacement force on the coplanar iron of about 30 kcal/mol*A.
-_-_ In-summary, the quantum mechanical calculations indicate that the energy difference between a high-spin ferrous ion in its in-plane and out-of-plane conformations is 2.5-5.0 kcal/mol, and the force displacing the coplanar iron along the heme normal toward the bound histidine is 15-30 kcal/ mol*A. Our objective in parametrizing the deoxyheme complex was to obtain energies and forces that bracketed these values and simultaneously produced the Hb x-ray geometries for the iron displacement and the Fe-N, and F-N, bond lengths (Fig. 1 , N, = pyrrole nitrogen). Two potentials were found to be satisfactory in this regard, which we call "soft" and "hard." The parameters are given in Table 1 . The most important difference in the two potentials for determining the iron displacement and out-of-plane force is in the parameters for the Nep -Fe-N, bond angle. The 80 of 105" for the hard potential mcorporates the results from the quantum mechanical calculations (18, 19) that the N;**N, nonbonded interactions and the restricted size of the porphyrin hole are factors causing the displacement of the iron from the porphyrin plane. Fig. 2 shows plots of the total energy of the deoxyheme-imidazole complex as a function of the iron displacement determined by rigid translation of the iron and the attached imidazole along the normal to the heme plane. The differences in energy for the iron in its in-plane and out-ofplane positions are 3 kcal/mol and 10 kcal/mol for the soft and hard potentials, respectively, and the corresponding forces pushing the iron out of the plane are 15 kcal/mol*A and 50 kcal/mol*A. The plots in Fig. 2 show that for the soft potential the force displacing the iron from the heme plane is entirely the result of the nonbonded interactions between the imidazole and porphyrin atoms (Fig. 1) . For the hard potential these nonbonded forces still contribute significantly, but the major force results from the NP-Fe-N, angle bend.
Isolated Heme Photolysis Simulations
Before investigating the complete Hb cy subunit, molecular dynamics simulations of the photodissociation process were carried out on the isolated heme complex, consisting of iron bonded to protoporphyrin IX, imidazole, and CO. The calculations were performed on a VAX 11/780 computer. The dynamics were initiated on the complex that had been subjected to 500 cycles of conjugate gradient minimization. Newton's equations of motion were integrated by using the Beeman algorithm with a time step of 2 fs, and the molecule was "heated" to 300 K in 25 ps by using the momentum increment procedure described previously (14). The trajectory was allowed to evolve freely for an additional 75 ps. At 92 ps into the trajectory the stored positions and velocities of all of the atoms were used to initiate new trajectories in which the potential function was altered to simulate the photodissocia-hoc. Natl. Acad. Sci. USA 82 (1985) The units are kcal/mol*A2 for Kb, A for bo, kcal/molrad2 for Kg, and degrees for eo. aFor all porphin ring C-C and N-C bond stretches the force constant was taken as 500 kcal/mol*A2, and the bos were the x-ray values from the structures of (pyridine) (carbonyl) (5,10,15,20-tetraphenylporphinato) iron(I1) (20) and (2-methylimidazole) -meso-tetra (a,a,a,a-opivalamidophenyl) porphinato iron(I1) (21). bForce constants for the Fe-N, stretch used in normal coordinate analyses of zinc, copper, and nickel porphyrins are in the range 40-100 kcal/mol*A2 (22, 23). "Calculated from frequency of iron-histidine stretching mode at 216 cm-' in the resonance Raman spectrum of deoxy-Hb (24). dCalculated from frequency of Fe-CO stretching mode at 507 cm-' in resonance Raman spectrum of HbCO (25) . eCalculated from frequency of C-O stretching mode at 1950 cm-l in infrared spectrum of HbCO (26) . fForce constants for all bond angle bending in which a porphyrin ring atom is the central atom were taken as 120 kcal/molrad2; e. values were taken from the model heme x-ray structures of footnote a. gFor all dihedral angles in which the central bond is Fe-N, or Fe-N,, the torsional force constant, K,, was set equal to zero, whereas for all other dihedral angles of the porphin ring, K+ = 20 kcal/mol, n = 2, and S = 180'. hThe values of Ke and e. were adjusted as described in the text. 'For comparison the C-Cr-C Ke in Cr(C0)6 is 45 kcal/molrad2 and the Cr-C-0 Ke is 35 kcal/molrad2 (27). jFor N,-Fe-N, bending with N,s on opposite pyrrole nitrogens Ke = 0. Also the force constant for the NE-Fe-C bond angle bend was set equal to zero. FIG. ,2. Energy and force on iron in isolated deoxyheme-imidazole complex as a function of iron out-of-plane displacement. Following energy minimization, which produced a domed porphin ring (Fig. l) , the 4 pyrrole nitrogens were translated along the heme normal until their mean plane coincided with the mean plane of the 20 porphin carbon atoms. The energy was then calculated as a function of the displacement of the iron and attached imidazole as a single unit along the heme normal. This energy is plotted in a as the solid curve for the soft deoxyheme-imidazole potential and in c for the hard deoxyheme-imidazole potential (Table 1 ). The dashed curves in a and c represent the contribution from imidazole-porphyrin nonbonded interactions and have been displaced upward for display purposes. The negative derivatives of the energy curves are shown in b and d and represent the force displacing the iron from the porphin plane in the direction of the imidazole. The solid curves represent the total force, and the dashed curves represent the force resulting from the nonbonded interactions.
essarily oversimplified because of lack of information on the processes occurring subsequent to the absorption of a photon and because of the use of a purely classical mechanical theory. The description implicitly assumes that the absorption of the photon and relaxation to the photodissociative state are instantaneous. The switch to the ground state deoxyheme-imidazole potential further implies that photodissociation occurs from an excited quintet state of the liganded complex. The excited electronic state from which CO dissociates is not known, but the quintet state is a candidate because it has an electron in the iron dz2 orbital, which is antibonding for the axial ligand (4, 5, 7, 11, 12, 28, 29) .
For each deoxyheme-imidazole potential, photolysrs trajectories were initiated at 92, 96, and 100 ps and allowed to run for 10 ps. Fig. 3 shows the perpendicular distance of the iron atom from the mean plane of the pyrrole nitrogens as a function of time for the first 600 fs following photolysis in each trajectory. For a given potential the different sets of initial conditions appear to have a rather small effect on the iron motion. To obtain an approximate average time course, the average displacements at each time step following photolysis were calculated from the three trajectories. These displacement curves (Fig. 3 b and d) may be viewed as simulating the results of an ideal kinetic experiment in which the spectral probe produces a signal that is linear in the displacement of the iron. The average half-time required for the iron to achieve a stable out-of-plane position is about 50 fs for the hard potential and about 150 fs for the soft potential. For both the hard and soft potentials the iron out-of-plane displacement, averaged over 9 ps beginning at 1 ps after initiation of photolysis, is the same as the average displacement found for the last 10 ps of a 40-ps trajectory of deoxyheme imidazole (Table 2) .
Hemoglobin Photolysis Simulations
A similar set of trajectories was calculated for a single cy subunit of human Hb. The starting coordinates for the heme were the same as those used for the isolated complex above, whereas for the protein the energy-refined coordinates of HbCO from a 2.7-A study were used (31). After 200 cycles of conjugate gradient minimization the energy of the molecule was lowered by 895 kcal/mol, and the rms deviation from the x-ray structure for all atoms was 0.35 A. Dynamics was The solid, dashed, and dotted curves correspond to "photolysis" at 92, 96, and 100 ps into the trajectory of the CO complex by using the soft deoxyhemeimidazole potential in Table 1 . (b) The solid curve is the average displacement at each time step following photolysis calculated from the three curves in a. The horizontal dotted line is the average displacement calculated from the last 10 ps of a 40-ps trajectory of deoxyheme-imidazole. The horizontal dashed line is the average displacement calculated for 9 ps, beginning at 1 ps after the potential function was changed to simulate photolysis. (c and d) Same as a and b except that the hard deoxyheme-imidazole potential of Table  1 was used. 2037 then initiated by heating the molecule to 300 K in 28 ps, and the trajectory was continued for an additional 62 ps. The structure was fairly stable during this period. Comparing the structures obtained by averaging the coordinates of the trajectories in the 30-to 60-and 60-to 90-ps intervals, the rms differences were 0.8 A for all atoms and 0.6 A for all CY carbon backbone atoms. In the 0-to 30-ps interval of the trajectory, however, the average dynamical structure drifted considerably from the x-ray structure. Comparing the x-ray structure with the 30-to 90-ps dynamical structure, the rms differences were 2.7 A for all atoms and 2.3 A for cy carbon backbone atoms. This is comparable to the 2.9-A all-atom rms difference obtained for a well-studied 96-ps trajectory of pancreatic trypsin inhibitor (9).
Alteration of the potential function to simulate photolysis was carried out at lo-ps intervals, starting at 30 ps into the trajectory. Fig. 4 shows the displacement of the iron atom from the pyrrole nitrogen plane as a function of time calculated from the individual trajectories and from the average of three trajectories. The average half-times for the iron to reach an apparently stable out-of-plane displacement are about 150 fs for the soft potential and about 50 fs for the hard potential, which are the same as those found for the isolated heme complex. The protein therefore has no effect on the calculated rate of displacement of the iron. These findings support the interpretation of the optical absorption studies using 250-fs laser pulses. These experiments showed that a deoxy-like absorption spectrum appears with a time constant of 350 fs after photolysis in both Hb and a free heme complex in solution, from which it was concluded that the iron is displaced from the porphyrin plane within this period (7).
The effect of the protein on the extent of the iron displacement is not clear from the present calculations (Table 2 ). The average stable displacement of the iron in the 1-to lo-ps in- aF-&xwph is the distance of the iron from the mean plane of the 24 porphin atoms; Fe-PN is the distance of the iron from the mean plane of the 4 pyrrole nitrogens; Nc-Pporph is the distance of the N, of the imidazole to the mean plane of the 24 porphin atoms. For each distance, values are given for the x-ray structures and for the structures obtained by averaging the coordinates of a molecular dynamics (Dyn) trajectory. bThe x-ray values are taken from the structure of (pyridine) (carbonyl) (5,10,15,20-tetraphenylporphinato) iron(I1) (20), and the dynamics values were calculated from the last 10 ps of a lOO-ps trajectory. cThese are the distances calculated from the structure obtained by averaging the coordinates for 9 ps of the trajectories, beginning at 1 ps after the potential function was changed to initiate photolysis (see text). Each value is the average result from three photolysis simulations, and the uncertainty is the standard deviation from the mean. The upper value is for the soft deoxyheme-imidazole potential, ,and the lower value is for the hard deoxyheme-imidazole potential (Table 1) . dThe x-ray values are taken from the model compounds (2-methylimidazole) (5,10,15,20-tetraphenylporphinato) iron(I1) (upper value) (30) and (2-methylimidazole) -meso-tetra (cY,ar,a,cY-o-pivalamidophenyl) porphinato iron(I1) (lower value) (21). The two dynamics values were calculated from the last 10 ps of a 40-ps trajectory by using either the soft (upper value) or hard (lower value) deoxyheme-imidazole potential functions. "The x-ray values are taken from the structure of the cy subunit of human HbCO (31) (Brookhaven Protein Data Bank file 2HCO), and the dynamics values were calculatedofrom the 30-to 40-ps interval of a 90-ps trajectory. fThe x-ray values are those obtained from the 1.7-A refinement of the cy subunit of human deoxy-Hb (32). The dynamics values were obtained by averaging the coordinates for the 30-to 70-ps interval of a 70-ps trajectory calculated from the 2.5-A resolution structure (33) (Brookhaven Protein Data Bank file 1HHB) by using either the soft (upper value) or hard (lower value) deoxyheme-imidazole potentials. The solid, dashed, and dotted curves correspond to photolysis at 30, 40, and 50 ps into the trajectory of the CO complex by using the soft deoxyheme-imidazole potential in Table 1 . (b) The/solid curve is the average displacement at each time step following photolysis calculated from the three curves in a. The horizontal dotted line is the average displacement calculated from the last 40 ps of a 70-ps trajectory of the cy subunit of human deoxy-Hb A. The horizontal dashed line is the average displacement calculated for 9 ps, beginning at 1 ps after the potential function was changed to simulate photolysis. (c and d) Same as a and b except that the hard deoxyheme-imidazole potential of Table 1 was used.
terval after the initiation of photolysis in the a! subunit is calculated to be about 0.1 A less than that for the isolated heme complex with both the soft and hard potentials. This difference corresponds to a strain energy of only 0.5-1.0 kcal/mol (Fig. 2) and may be within the uncertainty in the accuracy of the protein potential functions. A more relevant comparison for purposes of interpreting the resonance Raman results (4, 5, 13) is between the displacement after photolysis and the displacement in deoxy-Hb. We therefore calculated a 70-ps trajectory of the a! subunit of human deoxy-Hb for both soft and hard potentials using the same procedure as for the a! subunit of HbCO. For the hard potential the displacement of the iron from the porphyrin plane (0.61 A), calculated from the last 30 ps of the 70-ps trajectory, is significant& larger than that observed for the photolysed subunit (0.42 A). 0For the soft potential, however, the iron displacement (0.46 A) is very close to the average value found for the photolysed a! subunit (0.43 A), although the standard deviation from the mean for the three photolysis trajectories is large (kO.08 A). The present results are therefore ambiguous concerning the extent of the iron displacement in the photolysed subunit compared to the deoxy-Hb subunit. The calculations using the hard potential support the conclusion from the picosecond resonance Raman studies (4, 5, 13) that the iron displacement in the immediate photoproduct is smaller than in deoxy-Hb, whereas the calculations using the soft potential tend not to support this interpretation. Further investigation of this question will require many additional trajectories of both the deoxy and photolysed molecules to establish more precisely the difference in displacements.
Conclusions
The present study is only a first step in the use of molecular dynamics to theoretically simulate the kinetics of structural changes in Hb but has already been useful in testing interpretations of results from time-resolved absorption and resonance Raman experiments. The next step is to analyze the response of the protein to the heme conformational change and ligand dissociation. A preliminary analysis of the current trajectories indicates that it will be necessary to improve the protein potential function, to include the adjacent subunits, and to calculate a number of longer trajectories. Because geminate recombination of O2 occurs in about 200 ps (12), it should be possible in future calculations with faster computers to simulate ligand rebinding as well as photodissociation.
